Genetic diversity and geographic distribution of rice landraces in Yunnan, Southwest China were investigated based on 31 morphological traits (including Ding and Cheng's classification traits) using 6,121 accessions, 41 morphological traits and 12 polymorphic isozyme loci within the primary core collection of 912 accessions, and 20 microsatellite markers within the core collection of 692 accessions. Yunnan is the richest center of genetic diversity of rice (O. sativa L.) germplasm in China, in which indica varieties were derived from 108 counties in 16 prefectures and japonica varieties from 99 counties in 17 prefectures. Geographic distribution and diversity of six ecogroups and classification traits displayed clear differences. The average diversity indices of six ecogroups of rice landraces in Yunnan ranked as follows: javanica (1.2319), aman (1.1738), communis (1.1726), nuda (1.1618), aus (1.1371) and boro (0.9889), and the percentages were 3.6%, 43.9%, 32.1%, 18.1%, 2.1% and 0.2%, respectively. Lincang, Simao, Xishuangbanna and Dehong prefectures form the genetic and gene diversity center of rice landraces in Yunnan, especially Lincang Prefecture is not only the main genetic diversity center of rice landraces in Yunnan but also the diversity center of Ding's and Cheng's classification traits. South marginal paddy-upland rice region with Myanmar is the center of the gene diversity of rice landraces in Yunnan. A core collection from Yunnan rice landraces was identified based on morphological, isozyme and DNA variations, which have confirmed that Yunnan is the center of genetic differentiation of indica and japonica subspecies of Asian cultivated rice.
Introduction
Genetic diversity is a ubiquitous property of all species in nature. The 'Green Revolution' has remarkably increased crop productivity over the past four decades (Mann 1997) . However, this agricultural transformation has also resulted in problems, including the loss of crop genetic diversity (Tilman 1998) . Narrow genetic base in current rice cultivars continues to limit the productivity of rice which has been cultivated for more than 9000 years and is a staple food for over 50% of the human population. However, there is a remarkably high diversity in cultivated rice. Rice landraces especially in the core collections from the diversity center are important reservoirs of useful genes and can be exploited to both broaden the existing narrow genetic base and enrich the existing varieties with important favorable agronomic traits. At all the levels of analysis, the differences between the indica and japonica subspecies are very apparent. Variation in spikelet shape of indica and japonica rice cultivars of Asian origin, and indica/japonica non-random association in characters and genes reflect the independent origin of the two types from different wild ancestors (Sato 1991 (Sato , 1996 . The indica line of rice varieties evolved from the annual gene pool of the AA genome and the japonica varieties from the perennial gene pool of the AA genome of wild rice (Yamanaka et al. 2003) . The O. sativa rice accessions sampled show a significant differentiation into five groups: aromatic, aus, indica, temperate japonica and tropical japonica (Amanda et al. 2005) . China is the center of origin and genetic diversity of japonica and O. rufipogon, and one of the two centers of origin of indica rice (Chang 1976 , Oka 1988 , Li and Rutger 2000 , Li 2001 , Gao et al. 2000 , Zeng et al. 2001b .
Yunnan is the center of genetic diversity of O. sativa in China, and indica-japonica differentiation at the isozyme and RFLP levels has been well documented (Nakagahra 1978 , Nagamine 1992 , Ise et al. 2000 , Li 2001 , Zeng et al. 2003 . Ise et al. screened 581 varieties from Yunnan (n = 376) and Japan (n = 205) for the endosperm amylose content, and Yunnan rice showed a 1.7 time larger variation than Japanese rice, based on the Shannon-Wiener index (http:// www.jircas.affrc.go.jp/english/publication/news/2000/No.23/ 06Ise.htm). Nagamine (1992) suggested that Southwest Yunnan is the center of isozyme genetic variation. Yunnan rice landraces can be divided into 58 variety types, which correspond to most of the types found in China, and the cultivars account for 8.6% of the total cultivars in China (Zeng et al. 2003) . It was revealed that Yunnan is the richest center of genetic and gene diversity of O. sativa among the 29 provinces of China, based on the analysis of the genetic diversity distribution of China rice cultivars at the provincial level, using 26 phenotypic characters of 50,526 accessions from China rice germplasm collections, nine polymorphic isozyme loci from the core collection of 5,181 accessions, and 36 microsatellite markers from the core collection of 4,300 accessions (Li 2001 , Zhang et al. 2007 ). The present study on the diversity of rice landraces in Yunnan will supply a basis for further investigations on the genetic diversity of rice landraces in China and the world as well as for a better utilization, conservation and management of O. sativa. resources.
Materials and Methods
A total of 6,121 accessions of rice landraces with 60 characters defined and evaluated were collected from the Seed Bank of the Yunnan Academy of Agricultural Sciences, covering 109 counties in 17 prefectures in Yunnan, China. In order to characterize and evaluate the related traits, all the 912 accessions of Yunnan rice landraces were sowed in the middle season of rice cultivated (e.g. June 29 in 1999) in Xinping county, Yunnan (550 m above the sea level). The subspecies (indica or japonica) and ecogroups (javanica, nuda, communis, aus, aman and boro) were classified according to the method of Cheng (1993) and Zeng et al. (2001a) . Indica was classified into boro, aus and aman, which boro and aus were mainly distributed below the elevation of 800 m, but aman below the elevation of 1,200 m. Boro heads during the period of 5-12 September, aus before September 10 and aman after September 10. Generally speaking, japonica rice were mainly distributed over the elevation of 1,850 m, but japonica varieties distributed below the elevation of 1000 m were javanica. Among the japonica subspecies, except for nuda and javanica, the other cultivars belonged to communis ecogroup (Zeng et al. 2001a ). This classification was further confirmed based on the results of the photo-thermal response observed in Nanjing, Jiangsu Province, and of the maturation period of rice in Xinping county (550 m asl) in 1999-2000 ). Ding's classification system (1959) included two subspecies (indica or japonica) and six varieties (early-mid or late, paddy or upland, glutinous or non-glutinous). Other 50 traits were adjusted or standardized according to 'Characters to be studied and standards for rating of rice genetic resources' (Institute of Crop Germplasm Research of Chinese Academy of Agricultural Sciences 1986). The statistical methods (diversity indices, etc.) and 60 characters of 6,121 accessions had been previously described in detail (Zeng et al. 2000a (Zeng et al. , 2003 .
One hundred plants of each accession from the primary core collection of 912 accessions, which accounted for 98% of the diversity of a total of 6,121 landraces in Yunnan , http://www.zgzzkj.org, Li et al. 2002 were grown in five rows in a field of the experimental farm located in Xingping county (500 m asl). Mid-maturity rice was planted in the summer of 1999. The morphological diversity and genetic differentiation index of 41 traits (18 qualitative and 23 quantitative traits) among the 5 ecological zones or 17 prefectures were calculated by the following two formulas using Foxpro software and the VB system: I = −ΣP ij LogP ij , where P ij is the frequency of the j th phenotype of the i th character, and I is the genetic diversity index (King et al. 1989) ; Dr = (I t − I a )/I t or Dr = (CV t − CV a )/CV t , where Dr is the differentiation coefficient of morphological characters between populations, I t is the total genetic diversity index, I a is the average diversity index, CV t is the total diversity index for a certain character, and CV a is the average diversity index for a certain character between populations (Nei 1977) .
Gene diversity index and coefficient of genetic differentiation of 912 accessions and 692 accessions from core collections among ecological zones and subspecies were estimated, respectively, using 12 isozyme loci and 20 pairs of SSRs. The gene diversity index was expressed as follows:
where N is the number of loci, and P ij is the frequency of the i th allele at the j th locus (Nei 1973) . The coefficient of genetic differentiation was as follows: G st = (H t − H a )/ H t , where H t corresponds to the total gene diversity indices within populations, H a is the average gene diversity index for each population (Nei 1977) . The detection methods of isozyme and SSR polymorphisms were described separately by Li et al. (2001) , Oka (1988) and Temnykh et al. (2000) . Twelve isozyme loci included Est-1 (0, 1, 2, 3), Est-2 (0, 1, 2), Est-10 (0, 1, 2, 3, 4), Cat-1 (1, 2), Amp-2 (1, 2), Acp-2 (0, x, 1), Acp-1 (y, 1, 2), Mal-1 (1, 2), Mal-3 (y, 1, 2), Mal-x (1, 2), Pgd-1 (1, 2, 3) and Pg-2 (1, 2). Twenty SSR primers with a high polymorphism that were allocated to 12 chromosomes included RM5, RM81A, RM263, RM211, RM60, RM232, RM255, RM241, RM249, RM225, RM253, RM18, RM234, RM223, RM257, RM258, RM244, RM224, RM247 and RM235.
Results

Geographic distribution of classification traits of rice landraces in Yunnan
The 6,121 accessions were collected over a wide range of 109 counties in 17 prefectures in Yunnan Province, in which the indica accessions were derived from 108 counties in 16 prefectures and the japonica ones from 99 counties in 17 prefectures. The percentages of javanica (from 24 counties), nuda (from 77 counties), communis (from 83 counties), aus (from 12 counties), aman (from 84 counties) and boro (from 5 counties) were 3.6%, 18.1%, 32.1%, 2.1%, 43.9% and 0.2%, respectively (Zeng et al. 2001a) . Javanica cultivars were widely adapted to tropical and subtropical environments (Jiang et al. 2003) . Geographic distribution of classification traits of rice landraces in Yunnan are listed in Table 1 , and the rich areas in terms of classification traits were found in 8 counties. Mojiang county in Simao prefecture was a very rich area in terms of Ding's classification traits (including early-mid rice, paddy rice, upland rice, nonglutinous and glutinous rice) and subspecies. This was partly related to the terrace culture where the Hani population grows various rice landraces. Menghai county in Xishuangbanna prefecture was an enriched area for upland rice landraces. Zhenkang county in Lincang prefecture was the distribution center of javanica. Nuda accsessions, mostly consisting of upland rice, were grown mainly in the Simao, Xishuangbanna and Lincang prefectures, Southwest Yunnan. Mojiang county in Simao prefecture was rich in communis, japonica and aman accessions. Zhenxiong and Weixin counties in Zhaotong prefecture were enriched areas for aus. Boro accessions were mainly distributed in Ruili county in Dehong prefecture.
Genetic diversity of classification traits of rice landraces in Yunnan
The genetic diversiy of 6,121 accessions at the levels of classification traits was calculated separately using 31 characters ( Table 2 ). The genetic diversity indices of the landraces for every classification trait varied considerably. The results revealed that the average diversity indices of the six ecogroups of rice landraces in Yunnan could be ranked as follows: javanica (1.2319), aman (1.1738), communis (1.1726), nuda (1.1618), aus (1.1371) and boro (0.9889). Lincang was the richest center of genetic diversity in 17 prefectures, especially for the javanica, nuda and communis groups of japonica subspecies, with high diversity indices up to 1.2 to 1.5. Simao, Honghe, Wenshan and Zhaotong prefectures were the centers of aus groups in the indica subspecies, with indices up to 0.9 to 1.1. Xishuangbanna, Dehong and Lincang prefectures were the centers of aman, with indices of 1.2 to 1.4. Dehong prefecture displayed the highest diversity index for boro. The center of genetic diversity determined based on Ding's classification traits covered 3-6 prefectures ( Table 2 ). The genetic diversity index of Cheng's and Ding's classification traits within and among subspecies at the prefecture level revealed that the landraces from Lincang and Dehong prefectures exhibited the highest genetic diversity.
Diversity and its geographic distribution patterns
Geographic distribution patterns of genetic and gene diversity at the phenotypic, isozyme and SSR levels are shown in Table 3 . The difference in diversity of Yunnan landraces among the prefectures was relatively large. The highest average genetic diversity indices (I t 1.2930-1.238, I a 0.3985-0.3672) of rice landraces estimated using 31 characters in 6,121 accessions and 18 qualitative traits in 912 accessions were detected in Southwest Yunnan (Lincang, Xishuangbanna, Dehong and Simao prefectures). However, the landraces of 912 accessions from the core collection displayed a lower diversity in terms of 23 quantitative traits such as grain size. The increasing diversity of the grain size during varietal differentiation appeared to have resulted from speciation or human selection in each geographical region (Uga et al. 2003) . Wenshan, Baoshan, Yuxi, Zhaotong, Chuxiong, Honghe, Nujiang and Qujing prefectures showed the second highest diversity indices (I t 1.2211-1.0750, I a 0.3613-0.2707), while Lijiang, Kunming, Dongchuan and Diqing prefectures, the lowest (I t 1.0174-0.8114, I a 0.2686-0.1395). The average gene diversity indices of rice landraces Fig. 1 ).
In the five ecological zones, the morphological diversity indices (I a ) or variation coefficients (CV a ) and the gene diversity indices of 34 alleles at 12 polymorphic loci (H i ) and 20 microsatellite markers (H s ) are listed in Table 4 . Genetic diversity indices of qualitative traits in the five ecological zones ranged from 0.2705 (Northeast Yunnan plateau rice region) to 0.4041 (South Yunnan single/double cropping rice region). Gene diversity indices among the ecological zones were similar to each other at the isozyme loci, while at the level of the microsatellite markers, they ranged from 0.6890 (Northeast Yunnan plateau rice region) to 0.7692 (South marginal paddy-upland rice region). In addition, among the five ecological zones of Yunnan, the South marginal paddy-upland rice region was the richest gene diversity center of rice landraces in terms of diversity indices for morphological traits (1.2849, especially paddy versus upland was 0.6892), isozymes (0.4779) and DNA patterns (0.7692) (Fig. 1) .
Genetic differentiation of landraces from core collection within and among subspecies
Genetic differentiation (D r ) of landraces from the core collection at the subspecies level was detected based on the analysis of 41 characters (18 qualitative and 23 quantitative traits), 12 isozyme loci and 20 SSR markers. Table 3 shows that indica-japonica differentiation in O. sativa occurred at the phenotypic level because of the adaptation to different environments. In 17 prefectures (D st of 12 isozyme loci ranged from 0.9130 to 0.1824), allelic frequencies showed a differentiating between the indica and japonica subspecies. It is obvious that the low temperature of the japonica areas at elevations from 1,850 to 2,700 m asl (Dongchuan, Diqing, Note: I = genetic diversity index for Chang's six ecogroups or Ding's six classification traits of rice landraces with 30 traits from one prefecture; P = No. of prefectures, *P = I of 7 counties between 1.1-1.2 of total rice landraces, and I of four counties between 0.7-0.8 of japonica, respectively.
Nujiang, Kunming and Lijiang prefectures) and the hot-wet indica areas from 76 to 1,463 m asl (Simao and Wenshan prefectures) led to such a differentiation at the isozyme level. There was a mixed belt of indica and japonica subspecies between 1,400 and 1,800 m asl, where 60 counties in the Dali, Honghe, Baoshan, Zhaotong, Dehong, Qujing, Xishuangbanna, Lincang, Yuxi and Chuxiong prefectures were located. D st values in these 10 prefectures ranged from 0.0599 to 0.1729. In the past, indica rice accounted for 60% of the total production and japonica for 40%. However, recently the production of japonica rice has increased, and presently it accounts for 80% of the total production. In all these cases, the temperature is the major factor for the indicajaponica differentiation in O. sativa at the phenotypic and isozyme levels. The ecological zones for qualitative traits showed a higher genetic differentiation than that of quantitative traits, and indica-japonica differentiation was similar, while gene differentiation among the ecological zones was higher than that of indica-japonica. Indica-japonica differentiation among the prefectures at isozyme level ranged from 0.0165 to 0.9130. Coefficients of genetic differentiation among the 17 prefectures and five ecological zones for the quantitative traits (0.0759, 0.0158) and qualitative traits (0.2357, 0.1082) at the isozyme (0.1242, 0.1256) and SSR (0.0268, 0.0427) levels were relatively higher. However, the coefficients of genetic differentiation (D r ) between indica and japonica were lower, either at the morphological (0.0288 for quantitative traits, 0.0271 for qualitative traits), isozyme (0.0603) or DNA (0.0311) levels. It was confirmed that Yunnan is the center of genetic differentiation for indica and japonica subspecies of Asian cultivated rice. In the subspecies, the D r values between paddy and upland rice in the japonica subspecies at the isozyme level (0.0054) was lower than that of Note: I t = total genetic diversity indices for 31 phenotypic traits of rice landraces from prefectures in Yunnan; I a = average diversity index for 18 qualitative/23 quantitative traits in primary core collection from prefectures in Yunnan; H i = average gene diversity index for 12 isozyme loci in primary core collection from prefectures in Yunnan; G st = coefficient of genetic differentiation between indica and japonica subspecies in primary core collection from prefectures in Yunnan; H s = average gene diversity index for 20 microsatellite primers in secondary core collection from prefectures in Yunnan. indica (0.1271), and the D r value between paddy and upland rice at isozyme level was also low (0.0124).
Discussion
Geographic distribution of classification traits of landraces in Yunnan
Yunnan is a plateau at low latitudes which extends from the Qinghai-Tibet Plateau. The province is characterized by an alternate distribution of mountains, plateaus and basins with diverse geographic and climatic types. The diverse climate includes all the climatic types found in China such as tropical, south subtropical, mid-subtropical, north subtropical and warm temperate zones. Since the Yunnan rice landraces are widely distributed geographically, from 21°8′32″N to 29°11′18″N and 97°31′39″E to 106°11′47″E, they grow at very different altitudes and under diverse climatic conditions. Such a wide geographic distribution and diverse growing conditions contribute to the high genetic diversity of rice landraces from Yunnan.
The vertical distribution of rice landraces from Yunnan showed considerable variations between the major indica and japonica zones and the mixed zone. The lowest latitude and the highest altitude where Yunnan landraces grew corresponded to about 76 m above sea level in Hekou county in Honghe prefecture in the southeastern part of Yunnan and 2,700 m in Weixi county in Diqing prefecture. It was remarkable that the indica and japonica subspecies in Simao prefecture were distributed vertically along the altitude. In general, the area below 1400 m belonged to the indica belt, and most varieties growing below 1000 m belonged to the javanica, aman, boro and late-maturity rice types. The area over 1,800 m corresponded to the japonica belt, and most varieties grown above 1,900 m belonged to the communis, aus and early-mid maturity rice types. The mixed belt of indica and japonica subspecies was mainly distributed in over 60 counties between elevations of 1,400 m and 1,800 m. Most varieties in the mixed belt displayed the characteristics of both indica and japonica subspecies, which made it difficult to classify them by elevation. The elevations of Zhenyuan, Lancang and Ximeng counties in Simao prefecture were in the range of 1,600-1,800 m, 1,360-1,500 m and 1,200-1,300 m, respectively. Therefore, the vertical distribution of the indica and japonica rice varieties in Simao prefecture reflected the distribution pattern of the whole Yunnan landraces.
Genetic diversity of Yunnan rice landraces
There were variations in the genetic diversity of different classification traits and the geographic distribution of genetic diversity in the Yunnan rice landraces. The South marginal paddy-upland rice region was the richest gene diversity center among the five ecological zones of rice landraces in Yunnan, based on the isozyme and DNA gene diversity indices (0.4799 and 0.7692). Lincang, Simao, Xishuangbanna and Dehong prefectures represented the genetic and gene diversity centers of the rice landraces in the 17 prefectures of Yunnan. In particular, Lincang prefecture was not only main genetic diversity center of the rice landraces in Yunnan but also the main diversity center of Dingying's and Cheng's classification traits.
There was a geographic diffusion trend starting from the southwestern region, the center of diversity, to other regions, and there was also a close connection with the ecological environment. Accordingly, the following 3 geographical distribution regions could be roughly identified. 1. The diversity central region lay in southwest Yunnan. The results showed that there was a high genetic diversity and a large number of accessions in Southwest Yunnan. The region not only contained a large number of accessions and displayed the highest genetic diversity and gene diversity indices, but Note: I, II, III, IV and V see Fig. 1 ; I = total genetic diversity indices for 31 phenotypic traits of rice landraces from ecological zones or indica/ japonica or rice landraces in Yunnan. CV a = average diversity index for 23 quantitative traits in primary core collection from ecological zones or indica/japonica or rice landraces in Yunnan. I a = average diversity index for 18 qualitative traits in primary core collection from ecological zones or indica/japonica or rice landraces in Yunnan. H i = average gene diversity index for 12 isozyme loci in primary core collection from ecological zones or indica/japonica or rice landraces Yunnan; Hs = average gene diversity index for 20 microsatellite primers in secondary core collection from ecological zones or indica/japonica or rice landraces in Yunnan.
also harbored three species of wild rice (O. granulata, O. rufipogon, O. officinalis) in China (Fig. 1) , for the following reasons.
(1) Southwest Yunnan is the distribution center of Yunnan's granite rock and granite-formed soils, characterized by a complex holocrystalline granular structure considered to have solidified from magma at a considerable depth below the surface, which affected and will continue to exert a major influence on rice evolution and diversity, due to some chemical elements with irradiation rays from graniteformed soils had been absorbed by rice and lead to gene mutation in plants during a long time. (2) The diversity of the rice landraces in this region is closely related to the ecological variability and environmental heterogeneity. The landscape and topography especially in the Hengduan Mountains, Gaoligong Mountains, West Yunnan Great Gorge and southern part of Yun-Gui Plateau, an extremely complicated. The vertical distribution of rice is obvious, with elevations up to 2,000 m and a high frequency of mutation induced by the ultraviolet radiation and son on. (3) The climate in most regions belongs to the subtropical highland monsoon (monthly average temperature is in the range of 10-23°C and rainfall in the range of 800-2,000 mm), while in some parts, tropical, south subtropical and mid-subtropical conditions predominate and an affected by drought and floods, low temperatures and insect and disease damage in normal years. (4) The predominant diversity of Ding and Cheng's classification traits and other traits is partly related to the rice culture practised by the Hani (terrace) and Dai (glutinous and soft rice) populations. It was reported that the waxy mutation was preferentially selected by most Asian peoples (Yamanaka et al. 2004) . (5) Lincang prefecture is the richest center of genetic diversity of rice landraces in Yunnan as well as the diversity center of Ding's 5-grade classified characters and of javanica, nuda and communis groups, based on the morphological traits of rice landraces from 17 prefectures in Yunnan. Such results reveal the presence of the richest areas of elite rice germplasm in China. 2. The diversity diffusion regions included Wenshan, Baoshan, Yuxi, Nujiang, Honghe, Dali, Chuxiong and Qujing prefectures which surround the diversity center, and displayed on obvious in vertical distribution of indica and japonica rice. 3. The regions with a low genetic diversity were mainly Lijiang, Kunming, Dongchuan and Diqing prefectures, possibility due to the lower diversity in paddy-upland, glutinousnonglutinous and glume-hair characters. Additionally, the low diversity of the landraces from Kunming prefecture was also related to the extensive use of improved varieties.
Genetic differentiation within and among prefectures or ecological zones of O. sativa It is generally recognized that phenotypic traits are controlled by genes and are affected by the environment, but can adapt to environments, which results in additional polymorphism in genetic diversity and reveals genetic variation indirectly. Although isozyme and molecular data can reveal genetic differentiation directly, it is difficult to obtain molecular data for a large number of accessions with sufficient polymorphism to identify genetic diversity in germplasm accessions. PCR-based markers are suitable for large-scale analysis, and microsatellites are becoming popular, both for the detection of genetic diversity and breeding research.
It is generally recogenized that the indica-japonica differentiation in O. sativa at the phenotypic level is largely attributable to adaptation to very different environments, including temperature and water conditions (Scond 1982 , Glaszmann 1987 , Oka 1988 ). Li and Rutger (2000) reported that absolute within-county gene diversity in each of the groups was correlated with ecological variability and environmental heterogeneity rather than with geographical conditions. It remains to be determined what caused such a geographic differentiation at the DNA level. We noted that the absolute within-prefecture genetic and gene diversity of classification traits was correlated with ecological variability (all the climate types in China), environmental heterogeneity (the vertical distribution ranged from 76 to 2700 m asl) and geological characteristics (granite rock). For instance, the prefectures with the maximum phenotypic and isozymic diversity (Lincang, Simao, Dehong and Xishuangbanna) were most heterogeneous. Also, the highest genetic diversity corresponded to the ecogroups (javanica, aman, communis, nuda, aus and boro) or Ding's classification traits (earlymid or late rice, paddy or upland rice, glutinous or nonglutinous rice) differentiation in to indica and japonica subspecies. In addition, genetic differentiation of the landraces among the 17 prefectures at the isozyme level was higher (0.1242), and the indices from the five ecological zones at the isozyme and SSR levels were 0.1256 and 0.0427, respectively. Most varieties (indica-like and japonica-like types) in the mixed belt, i.e. verieties with a wide compatiblility varieties (Zeng et al. 2000b) , showed the characteristics of both indica and japonica subspecies, making it difficult to classify them, with differences at elevations from 1,400 to 1,800 m. Indica-japonica differentiation was lower, either of the morphological (0.0288 for quantitative traits, 0.0271 for qualitative traits), isozyme (0.0603) or DNA (0.0311) levels. We suggested that Southwest Yunnan in China is the center of genetic differentiation of indica and japonica subspecies of Asian cultivated rice. The genetic differentiation by natural selection to facilitate reproductive isolation involved the assumption of the origin of geographic races (ecogroups or classification traits), subspecies (indica-japonica) and species (O. sativa, O. granulata, O. rufipogon and O. officinalis).
Yunnan in Southwest China is one of the centers of genetic diversity of Asia cultivated rice Southwest China, especially Yunnan, is the richest center of genetic and gene diversity of O. sativa among the 29 provinces of China based on the analysis of the genetic diversity distribution of China rice cultivars at the provincial level, using 26 phenotypic characters of 50,526 accessions from the China rice germplasm collections and nine polymorphic isozyme loci of 2,080 accessions from the core collection (Li 2001) . The genetic diversity of 4,310 accessions from primary core collection of Chinese rice landraces from the 6 rice zones and 29 provinces of China based on 36 microsatellite markers, showed that a higher genetic diversity and low differentiation occurred in Yunnan and Guizhou, and that the center of gene diversity of Chinese rice landraces at the DNA level lay in Yunnan, China (Zhang et al. 2007) . A total of 6,121 accessions were collected over a wide range of 109 counties in 17 prefectures in Yunnan Province, in which indica accessions were drived from 108 counties in 16 prefectures and japonica accessions from 99 counties in 17 prefectures. The genetic diversity center based on the concentrations of 8 minerals in brown rice from Lincang, Simao, Xishuangbanna and Dehong prefectures showed a similar trend to that of both the genetic and gene diversity center of rice landraces, based on morphological traits and isozyme and SSR marker (unpublished data) in 17 prefectures of Yunnan. The genetic diversity included Yunnan Province (China), Bhutan, Assam (India) adn North Thailand (Nakagahra and Hayashi 1977 , 1984 , Glaszmann 1987 . The diversity within indica rice was evenly distributed throughout tropical Asia, while variation within japonica rice reveled that the hilly part of continental Southeast Asia, was the region with the highest genetic diversity and probable origin (Glaszmann 1987) . The center of origin is considered to correspond to the area with the highest diversity, and furthermore, the center of origin of crops harbors many wild relatives and is the source of dominant genes (Vavilov 1926) . Southwest Yunnan is probably such a center. Yunnan is one of the centers of genetic diversity of Asian cultivated rice, which is documented by the abundance of indica and japonica rice landraces (Zeng et al. 2003) , and is strongly supported by morphological (Li 2001) and isozyme (Nakaghara 1978 , Nagamine et al. 1992 , Wang and Sun 1997 , Ise et al. 2000 , Li 2001 ) studies as well as RFLP (Liu et al. 1995) and SSR analysis (Zhang et al. 2007) . Therefore, Yunnan was previously considered as one of the original centers (Chang 1976 , Oka 1988 , Nakaghra 1978 , Nakaghra et al. 1984 .
However, Wang and Sun (1997) suggested that Yunnan may be a secondary center of origin due to the archeological findings of ancient rice grains that may have appeared far later in the region, compared with those in the middle and lower reaches of the Yangtze River in China. However, this concept is only supported by indirect archaeological data and lack of biodiversity and ecosystem evidence, because Yunnan, the well-known "Plant, Animal and Microbe Kingdom", is one of the regions with the richest biodiversity in the world; including more than 17000 species (62.9% of the total in China) of vascular plants (Zeng et al. 2001b) , and lacking of the archeological evidence for most plants due to the ecosystem consisting of microbe decomposing and animal utilization. Therefore, it has some questions that only based on the archeological evidence for rice origin center.
